Abstract-Brain stroke incidences have arisen at an alarming rate over the past few decades. These strokes are not only life threatening, but also bring with them a very poor prognosis. There is a need to investigate the onset of stroke symptoms in a matter of few hours by the doctor. To address this, Electromagnetic Impedance Tomography (EMIT) employing microwave imaging technique is an emerging, cost-effective and portable brain stroke diagnostic modality. It has the potential for rapid stroke detection, classification and continuous brain monitoring. EMIT can supplement current brain imaging and diagnostic tools (CT, MRI or PET) due to its safe, non-ionizing and non-invasive features. It relies on the significant contrast between dielectric properties of the normal and abnormal brain tissues. In this paper, a comparison of microwave signals scattering from an anatomically realistic human head model in the presence and absence of brain stroke is presented. The head model also incorporates the heterogenic and frequency-dispersive behavior of brain tissues for the simulation setup. To study the interaction between microwave signals and the multilayer structure of head, a forward model has been formulated and evaluated using Finite Element Method (FEM). Specific Absorption Rate (SAR) analysis is also performed to comply with safety limits of the transmitted signals for minimum ionizing effects to brain tissues, while ensuring maximum signal penetration into the head.
INTRODUCTION
Brain stroke and Traumatic Brain Injuries (TBIs) are the third major cause of death in the world after heart and cancer diseases. They cause an interruption in the blood supply to the brain that result in the denial of oxygen and nutrients to the brain tissues. This phenomenon severely affects the main functions of the brain and may eventually result into death. Two major types of brain stroke are; hemorrhagic stroke and ischemic stroke [1] . The hemorrhagic stroke is caused by the rupture of blood vessels, whereas ischemic stroke is caused by the blockage of blood arteries [2, 3] . Some common symptoms exhibited by the both types of stroke and TBIs are; dizziness, slurred speech, difficult swallowing and sudden numbness of the body parts. An entirely different course of treatment is required for the cure of each type of disease. This establishes the urgency to reliably detect and classify the type of stroke by the doctor within a few hours from the onset of stroke symptoms [4] .
The present brain stroke diagnostic techniques include both the imaging and non-imaging modalities.
Methods like Computed Tomography (CT), Magnetic Resonance Imaging (MRI) and Positron Emission Tomography (PET) are known as imaging modalities, whereas Electroencephalography (EEG), Magneto-encephalography (MEG), Electrical Impedance Tomography (EIT) and Magnetic Induction Tomography (MIT) are categorized as non-imaging modalities. More recently, Electromagnetic Impedance Tomography (EMIT) employing microwave imaging technique has emerged as an alternate brain imaging modality. It relies on the significant contrast between dielectric properties of the normal and stroke-affected brain tissues. We performed a detailed comparison analysis using literature available to-date on the existing imaging modalities, and found out that EMIT is a costeffective, portable and fast brain imaging technique. The exposure of low frequency (0.5-4.5 GHz) and low power (≥ 0 dBm) microwave signals makes EMIT a safe, non-ionizing and non-invasive imaging option, suitable for continuous brain monitoring. In the emergency situations or at rural areas, EMIT can also supplement current brain imaging and diagnostic tools (CT, MRI or PET). Therefore, EMIT has been explored and proposed in this study for rapid brain stroke detection, differentiation and progression monitoring.
BACKGROUND
The first study in the field of microwave brain imaging was conducted by Lin and Clarke [5] in 1982, who experimentally detected the presence of cerebral edema in a rudimentary head phantom using a 2.4 GHz microwave signal. It was until year 2000 that this concept was further furnished by Haddad et al. [6] who detected hematoma in human brain using ultra-wideband signals. Their work was extended by Paulson et al. [7] in 2005 but that was of preliminary nature. However, it was the first time in 2007 that Semenov and Corfield [8] assessed the feasibility and performance potential of Microwave Tomography (MWT) for brain stroke detection. The analysis were based on computer simulations utilizing a simplified 2-D head model with an ischemic stroke and the microwave signal of 0.5-2.0 GHz frequency with 20 dBm transmitted power.
In 2010, Ireland and Bialkowski [9] conducted a feasibility study on brain stroke detection based on microwave signals propagation into an anatomically realistic human head phantom with emulated stroke [10] . Because, the development of image reconstruction algorithm requires Electric Field (E-field) information both inside brain and at receiver locations, the authors therefore calculated the E-field values using Finite-Difference Time-Domain (FDTD) numerical method in their simulations. In 2010, Zakaria et al. [11] demonstrated the capability of Finite Element Method (FEM) numerical solver and Contrast Source Inversion (CSI) image reconstruction method to detect the hemorrhagic stroke inside a simplified 2-D brain model. Based on the microwave signal propagation studies on brain stroke, later in 2011 Ireland and Bialkowski proposed an image reconstruction algorithm as an extension to their previous work [12] . This ultimately contributed another step towards the microwave head imaging. The inversion algorithm was based on common background reflections cancellation, the confocal delay-andsum approach and the Fermat's principle. For further studies on these principles, reader is referred to [13] [14] [15] [16] . The back-scattered signals were estimated using a Gaussian pulse transmitted signal (0.5-2.0 GHz at 20 dB SNR), the Zubal head phantom with hemorrhagic stroke [10] and the 2-D FDTD forward solver.
In 2012, Scapaticci et al. [17] provided design guidelines to select the most convenient working frequency (0.6-1.5 GHz) and the optimum matching medium dielectric properties ( mm = 40, σ mm = 0.01 S/m) for the microwave imaging setup. The performance of imaging strategy, based on modified Linear Sampling Method (LSM) for brain stroke evolution monitoring, was also evaluated. The scattered field data was collected using the Zubal head phantom with ischemic stroke [10] and the Method of Moment (MoM) forward solver. In 2013, an analytical model was formulated by Jalilvand et al. [18] for brain stroke detection using ultra-wide band (UWB) radar approach. In order to explain the UWB signals (up to 10 GHz) propagation inside the stroke affected multi-layer head model, the authors investigated both the reflection and transmission scenarios. In the radar approach, the backscattered signals are utilized to create images that indicate the location of significant scatterers only (stroke, tumor). Once compared with MWT approach, in MWT the transmitted and backscattered fields are utilized to obtain shape of the object as well as the spatial distribution of dielectric properties by solving inverse scattering problem.
Major progress in the field of microwave imaging of head for brain stroke analysis was made during the year 2013. Fhager et al. [19] proposed a microwave-helmet based imaging setup for the detection of brain strokes. The helmet comprised of 10-12 triangular patch antennas (0.1-3.0 GHz) and flexible plastic bags filled with matching liquid for head adjustment. A statistical classifier algorithm was also developed to differentiate two types of stroke. By contrast, a similar idea but utilizing an adjustable platform mounted with an array of tapered slot antennas (1-4 GHz) was proposed by Mohammed et al. [20] and Abbosh [21] for microwave head imaging. The later approach also applied a preprocessing technique to remove background reflections' noise from the received signals [22] and the image reconstruction algorithm was based on confocal delay-and-sum approach and the Fermat's principle. Using similar system, Mohammed, et al. [23] and Mobashsher et al. [24] investigated the possibility to differentiate two types of brain stroke. The methodology was respectively based on the comparison of reflection coefficients (S 11 ) or reflection phases of any pair of antennas located symmetrically around the head. In the same year, Priyadarshini and Rajkumar [25] performed an EM waves scattering analysis for brain stroke diagnostics using FEM-CSI methodology but on a simplified ellipsoid head model.
In 2014, a portable microwave system was presented by Mobashsher and Abbosh [26, 27] to detect the intracranial hemorrhage and TBIs. The wideband system was based on a virtual array mono-static radar approach utilizing a unidirectional antenna (1.1-3.4 GHz). In 2016, Mobashsher et al. [28] also performed a design and experimental evaluation of the microwave head imaging system for intracranial hemorrhagic detection using a modified delay-and-sum back-projection inversion algorithm. Both these studies followed the radar approach to indicate the location of hemorrhagic stroke using delay-and-sum back-projection inversion algorithm. A tomographic image of the brain, highlighting each layer of tissue, was not provided to have a complete picture of stroke affected brain.
In this paper, we have presented a comparison analysis of microwave signals scattering from an anatomically realistic human head model in the presence and absence of different types of stroke using Finite Element Method (FEM) method. FEM is selected due to its ability to model complex and arbitrary shaped geometries. Specific Absorption Rate (SAR) analysis is also presented to cater safety limits of microwave signals exposure to human brain. At the end, a Contrast Source Inversion (CSI) based image reconstruction algorithm is proposed to obtain a detailed tomographic picture of the brain for stroke detection and differentiation.
The development of microwave head imaging system starts with the modeling of an anatomically realistic and structurally detailed human head model. These numerical head models are based on either MRI images or CT data sets. One of the most frequently utilized head phantom involved in numerical head modeling is proposed by Zubal et al. [10] . The Zubal head phantom is based on MRI images and freely accessible too [29] . The developers of the Zubal head phantom have also provided a list of segmentation IDs to indicate different layers of head tissues. In our present research, we have also utilized the Zubal head phantom MRI database to construct a detailed numerical head model.
The numerical head models should incorporate the heterogenic and frequency-dispersive behavior of brain tissues. The dielectric properties ( ; permittivity and σ; conductivity) to different types of head tissues are assigned using either the averaged values or the frequency-dispersive models. S. Gabriel and C. Gabriel modified the N-term Cole-Cole model [30] to adapt for assignment of dielectric properties to different types of body tissues. It is termed as 4-term Cole-Cole model and is valid across 10 Hz to 20 GHz frequency range [31] [32] [33] [34] [35] . Andreuccetti et al. [36] converted the 4-term Cole-Cole model into an online frequency dependent application/database repository. Later on, Ireland and Abbosh [37] and Mustafa et al. [38] optimized the N-term Debye model to 2-term/4-term Debye models, respectively. These models were computationally less intensive and explicit to calculate dielectric properties of seventeen different types of head tissues in the microwave frequency band. The 4-term Debye model provided more accurate results with lower computational overheads as compared to the 4-term Cole-Cole model across the microwave frequency range (0.1-3 GHz).
METHODOLOGY
Microwave imaging (MWI) has been widely utilized in many industrial and medical imaging applications. The object-of-interest (OI) is illuminated by a single or multiple microwave signal sources either at one frequency or multi-frequency. The scattered or reflected signals from the OI are measured at various receiver locations around the OI. Based on these measured field values, the dielectric properties of the OI are calculated and processed to construct the object images in the presence of known surrounding medium [39] . The EMIT microwave imaging technique makes use of significant contrast between dielectric properties of body tissues to distinguish the normal and abnormal regions. Primarily, two approaches are being followed in active MWI [18] ; the Confocal Radar Technique [40] and the Classical Inverse Scattering/MWT [41] . The basic layout of EMIT-based head imaging system comprises an array of transmitter-receiver antennas that operates in a sequential mode around the head. A 2-D layout of our proposed EMIT-based head imaging setup, comprising an array of 16 point current sources that surround an anatomically realistic human head model is shown in Figure 1 . It is highlighted that microwave signals, transmitted at 0.5-4.5 GHz frequency with power level ≥ 0 dBm, offer a reasonable compromise between signal penetration into the head and the acceptable spatial resolution of the brain images [20] .
Numerical Head Model
In our simulation studies, we have developed an anatomically realistic human head numerical model utilizing the Zubal head phantom MRI database [29] . The MRI images were imported into Simpleware ScanIP image processing suite. Different types of head tissues were segmented according to phantom developer's tissue ID list. A 3-D cross-sectional view of the Zubal head phantom plotted in ImageJ freeware software is shown in Figure 2 A 2-D image of the Zubal head phantom slice 36 was exported from Simpleware ScanIP as NASTRAN mesh format after requisite pre-processing steps. The geometry of slice 36 was generated from the exported mesh for use in electromagnetic simulation environment. We have selected slice 36 of the Zubal head phantom in our 2-D simulation studies because it not only incorporates the major six types of brain tissues but also simplifies the simulation problem. Moreover, it also provided us an opportunity to compare our simulation results with earlier studies mostly involving slice 36 of phantom. The frequency-dispersive dielectric properties to different types of head tissues were allocated using Andreuccetti et al. [36] online repository. Figure 3 shows the relative permittivity ( r ) and conductivity (σ) assignment to the Zubal head phantom tissues (slice 36) at 1 GHz frequency with emulated hemorrhagic stroke.
Forward Problem Modeling
The forward problem modeling and analysis provides us the basic guidelines to develop an anatomically realistic human head model, the placement of microwave transceivers and the suitable frequency range of transmitted signal at allowable power levels. In this paper, we have restricted ourselves to 2-D forward model simulations for proof of our proposed methodology in a time efficient manner. Sixteen point current sources are arranged in an elliptical array around the Zubal head phantom (slice 36) with equidistant separation in the simulation environment. Each point source is placed at 2-3 cm distance from the side of head phantom and operates at 1 mA current. They transmit a Transverse Magnetic (TM) polarized microwave signal at 1 GHz frequency in a sequential fashion. The computational domain around the head is truncated using Perfectly Matched Layer (PML) with Absorbing Boundary Condition (ABC). The continuity boundary conditions are applied between air and head phantom or different layers of the brain tissues using Equation (1), where E is the electric field intensity [V/m]. [42] . In this study, we have proposed to apply FEM, a numerical method to solve forward problem model in frequency domain. FEM solves the Helmholtz vector wave equation (Equation (2)), derived from Maxwell's equations in time-harmonic form, to find electric field values of transmitted and backscattered microwave signals. FEM is preferred over other numerical methods due to its flexibility to address irregular geometries, anisotropic dielectric materials and inhomogeneous background medium with least discretization errors. FEM is also more suitable for performing steadystate analysis of the problem once compared to FDTD or MoM numerical methods.
where μ r is the relative permeability (H/m), ε r the relative permittivity (F/m), ω the angular frequency (rad/s), σ the electric conductivity [S/m], and k 0 = ω √ μ 0 0 the free-space wave number (m −1 ). In our 2-D case study, the FE mesh comprised 25,568 triangular and 140 quadrilateral elements with 2,654 edges and 963 vertices. In order for solution to converge, the criterion of at least 05 elements per wavelength was considered. There were at least 180,713 number degrees of freedom in the FE mesh and the solution convergence time was approximately 20 secs. The simulation was run on Intel Core i7 dual core processor (2.4 GHz) with 16 GB RAM workstation. Figure 4 shows the spatial distribution of normalized electric field (E-Norm) inside the Zubal head phantom (slice 36) in the absence and presence of hemorrhagic stroke with point source located at position 13. In the figure, the color bar represents E-Norm value (V/m) with red color indicating the location of higher E-Norm values and the blue color highlighting the regions of lower values.
A hemorrhagic stroke of circle shape with 20 mm diameter was emulated in the white matter region with blood dielectric properties, whereas for the normal head phantom, the stroke circle was assigned white matter dielectric properties. In normal case (Figure 4(a) ) the penetration of E-field is more progressive and uniform as it encounters tissue layers of different dielectric properties. By contrast, in hemorrhagic stroke case (Figure 4(b) ) the penetration is less due to in-homogenous dielectric properties of stroke tissues emulated inside white matter region. It has been observed that there is a significant contrast in the pattern of electric field distribution for two different cases at stroke location (encircled red). E-Norm values were calculated for both cases at different locations of stroke area. The maximum E-Norm absolute difference at same point inside stroke region is measured as 0.076 V/m, with E-Norm value of 0.299 V/m for normal tissues and 0.223 V/m for hemorrhagic affected tissues. In results and discussion section, Figure 6 (a) shows the E-Norm absolute difference distribution inside the Zubal head phantom (slice 36) for hemorrhagic affected tissues with respect to normal brain tissues.
Inverse Problem Solution
Microwave imaging inverse problem is a mathematically nonlinear and ill-posed problem comprising a large number of unknowns. The brain images are reconstructed using spatial distribution of dielectric properties of the brain tissues. The image reconstruction algorithm utilizes transmitted and backscattered electromagnetic fields information obtained from forward problem solution. An appropriate image reconstruction method is selected based upon application in hand. The most frequently utilized non-linear inversion methods include; Contrast Source Inversion (CSI), Gauss-Newton Inversion (GNI), Confocal Delay-and-Sum Algorithm and Born Iterative Method (BIM) [11, 12, 20, 22, 43, 44] .
A literature based analysis was performed to compare the accuracy and computational efficiency of different inversion methods suitable for microwave head imaging setup. It was found out that Contrast Source Inversion (CSI) or Multiplicative Regularized CSI (MR-CSI) is preferred over other methods due to its independence on forward solution recalls during multiple iterations [11, 45] . Therefore, CSI is proposed to solve the inverse scattering problem of calculating brain tissues' dielectric profiles and reconstructing brain images for stroke detection. In our future studies, we will develop an efficient image reconstruction algorithm based upon FEM-CSI methodology in MATLAB R environment. Different types of stroke will be investigated, localized and classified using developed inversion algorithm. In order to make the applications time-efficient, parallel processing techniques will also be considered in solving forward and inverse problems for multi-frequency and multi-source scenarios using core/thread allocation schemes.
Specific Absorption Rate (SAR) Analysis
SAR analysis helps in determining the amount of radiations absorbed by human body tissues and the temperature increase incurred, once exposed to electromagnetic signals. Several studies have been conducted to calculate SAR values for human head tissues using mobile phones. Some of these involved computer simulations utilizing numerical head models [46] [47] [48] [49] , whereas some were based on theoretical analysis [50] . SAR is defined as the amount of power dissipated per unit mass and measured in watts per kilogram [W/kg]. SAR values are calculated using Equation (3), where σ is tissue electric conductivity [S/m], ρ is tissue density [kg/m 3 ] and E is induced electric field intensity norm value [V/m].
We have also performed SAR analysis of our proposed EMIT based head imaging setup. The simulation setup utilized point current sources (1 mA, 1 GHz frequency) positioned at 2-3 cm distance from the side of numerical head model. Figure 5 shows the SAR distribution for four different locations of point current sources (1, 5, 9 & 13) . It has been observed that in all four cases, the maximum local SAR value (1.58e −3 W/kg) is calculated for point current source located in front of head phantom at location 1. This value is far below the safety limits of average SAR (2 W/kg over 10 g of tissue) as per IEEE EM safety standard (C95. [51] and ICNIRP non-ionizing radiation protection guidelines [52] . In the figure, the thermal color bar represents local SAR value (W/Kg) with reddish brown color indicating the location of higher SAR values and the white color highlighting the regions of lower values. Moreover, the maximum SAR value is observed at skin layer which dissipates gradually as the microwave signals move into the head phantom.
During our literature review, we have also determined that a microwave signal (0.5-4.5 GHz) with 0-20 dBm power, transmitted at 2-4 cm distance from the side of head phantom, would be sufficient for reconstructing reliable brain images with minimum ionizing effects. Mobashsher, et al. [28] performed SAR analysis on the Zubal head phantom using Dipole antenna with transmission power of 0 dBm at 1.1-3.2 GHz frequency. The peak SAR value 16e −3 W/kg calculated at 1.8 GHz was also lower than 2 W/kg. The SAR value calculated at 1.1 GHz frequency for Dipole antenna located at position 1 was 4e −3 W/kg. In our simulations, point current source (1 mA, 1 GHz frequency) located at position 1 produces 1.58e −3 W/kg SAR value which approximately validates the previous results.
RESULTS AND DISCUSSION
The feasibility of microwave imaging for brain stroke detection, localization and differentiation can be well understood from the analysis of different simulation studies. Figure 6 shows the normalized electric field absolute difference distribution inside the Zubal head phantom (slice 36) for two different types of emulated stroke with respect to normal brain model. The point source is located at position 13 and operating at 1 GHz frequency with 1 mA current. In the figure, the color bar represents absolute difference of E-Norm (V/m) with red color indicating the location of greater absolute difference and the blue color highlighting the regions of smaller absolute differences. It has been observed that maximum E-Norm absolute difference exists at approximate location of the stroke in both cases. This significant contrast can be effectively utilized in the development of image reconstruction algorithm for the brain, based upon the calculation of tissues' dielectric profiles from scattered electric field information.
We have compared our simulation results on microwave scattering from normal/stroke affected human head model with earlier research studies as well [37, 38] . It is pertinent to highlight that our facts and figures matched them quite well. The previous studies were performed using FDTD numerical method to solve the forward problem model in time-domain. In our research, we have utilized FEM numerical technique to solve the forward problem model in frequency-domain. This approach not only addresses the complex structure of brain in an appropriate way but also performs the steadystate analysis of microwave scattering phenomenon in a time-efficient manner. Multi-frequency swept technique is also implemented to analyze the microwave scattering phenomenon from stroke affected human brain model at different frequencies.
In this simulation study, each point current source operates in a sequential mode around the head phantom and scattered E-Norm field is measured at rest of locations. Simulations have been performed for both normal and stroke affected brain models (Hemorrhagic and Ischemic). Figure 7 shows the scaled absolute difference plot for scattered E-Norm values for both types of stroke with respect to normal head tissues. It has been observed that the values of absolute difference E-Norm were greater in case of hemorrhagic stroke as compared to ischemic stroke. It is due the fact that dielectric properties of hemorrhagic stroke contrast considerably with respect to white matter. Whereas, the ischemic stroke dielectric properties are much closer to white matter and the stroke is emulated in white matter region too. Therefore, as the microwave signals travel in to brain they face more scattering phenomenon in case of hemorrhagic stroke as compared to ischemic stroke.
In case of hemorrhagic stroke, the change in scattered E-Norm values is more obvious once the point source is placed at location 3/4/7 or 13/14 and E-Norm is measured at location 13/14 or 3/4/7 respectively. Whereas in case of Ischemic stroke, point source placed at 4, 13 and 14 produces significant change in scattered E-Norm values at location 15, 14 and 5 respectively. High E-Norm absolute difference is observed at receiver locations which are either opposite to the transmitters in line of stroke (transmission changes) or adjacent to the transmitters (reflection changes). We have compared our microwave scattering 3-D plot of scaled absolute E-Norm difference for hemorrhagic stroke with earlier studies [9] and it has shown good consistency with their results as well.
CONCLUSION
In this paper, we have presented a 2-D simulation setup for brain stroke detection based upon Electromagnetic Impedance Tomography approach using microwave signals. The feasibility of the system has been evaluated by performing microwave scattering analysis from an anatomically realistic human head model. It has been observed that the scattered electric field values at different locations around the head can be efficiently utilized to determine the significant contrast in dielectric profile of brain tissues at stroke location. FEM-CSI methodology has been proposed for performing microwave scattering analysis from human head model and developing image reconstruction algorithm for accurate brain stroke detection, localization and differentiation. SAR analysis of proposed brain imaging technique was also performed to take into account the electromagnetic signals' safe exposure to human head. In future, an efficient image reconstruction algorithm will be developed for head imaging, based upon scattered electric field information obtained from 2-D simulation setup. Multi-frequency swept technique will also be incorporated during microwave scattering analysis of human head model and the development of image reconstruction algorithm. This approach will allow us to construct better quality images of the brain for stroke analysis. A 3-D forward model setup will be formulated to study the microwave scattering phenomenon from a 3-D anatomically realistic human head model for brain stroke analysis. Parallel processing techniques will also be considered in forward and inverse problem models to develop time-efficient applications involving multi-frequency and multi-source scenarios. Efforts will also be made in suggesting optimum technical characteristics of the design setup for a prototype EMIT-based head imaging system for brain stroke localization and classification.
